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The membrane tethering factor pi 15 
has been shown to have important 
functions in ER to Golgi traffic and 
Golgi biogenesis. The multidomain 
structure of pi 15 allows for interactions 
with a diverse array of proteins that gov- 
ern cargo movement at the ER-Golgi 
interface. Within its C-terminal region 
pi 15 contains four coiled-coil domains 
(CC1-CC4). Of the four coiled-coils, 
only CC1 has been shown to be required 
for pi 15 function, presumably by its 
ability to bind numerous SNARE pro- 
teins as well as the small GTPase Rabl. 
Recently, we showed that CC4 also 
interacts with SNARE proteins and that 
CC4 is required for pi 15 function in 
Golgi homeostasis and the trafficking 
of transmembrane but not soluble cargo. 
Here, we propose a novel model wherein 
pi 15 facilitates membrane tethering and 
fusion by simultaneously engaging its 
CC1 and CC4 domains with distinct 
SNARE proteins to promote formation 
of SNARE complexes. 

Introduction 

Over the past few decades of research, our 
understanding of the molecular machin- 
ery that regulates the trafficking of com- 
partment proteins and biosynthetic cargo 
through the secretory pathway underwent 
radical expansion. We now know that the 
seemingly simple concept of secretion, 
where newly synthesized proteins and lip- 
ids are transported from the ER compart- 
ment to either the cell surface or multiple 
intracellular destinations is supported by 
a vast number of very diverse proteins, 



lipids, and other cofactors. Some of these 
molecules act at many stages of traffic, 
as exemplified by the N-ethylmaleimide- 
sensitive factor (NSF) and its membrane 
attachment protein, soluble NSF attach- 
ment protein (SNAP). Others are more 
specific for particular steps of transport 
and function only at specific compart- 
ments, for example the SNAP receptors 
(SNAREs), the Rab family of small Ras- 
like GTPases and several different fami- 
lies of tethering factors. The latter group 
of proteins ensures the efficient and selec- 
tive transport of cargo between only spe- 
cific compartments. Accurate targeting 
involves the correct pairing of transport 
intermediates with only the appropri- 
ate acceptor membrane. The complexity 
of these events requires numerous, over- 
lapping layers of control that is fulfilled 
through the concerted action of Rabs, 
tethers, and SNAREs. One of the best- 
studied tethers is the coiled-coil tethering 
factor pi 15, and its yeast homolog Usolp. 

Function of p115 in Maintaining 
the Golgi Ribbon 

The mammalian Golgi is a continuous 
ribbon of closely apposing cisternae that 
localizes in the peri-nuclear area, often 
surrounding the microtubule organiz- 
ing center. 1 Previous work from our and 
other laboratories showed that pi 15 oper- 
ates at the ER-Golgi interface where it 
plays an active role in the maintenance 
of Golgi ribbon structure. 2 Injection of 
anti-pll5 antibodies and depletion of 
endogenous pi 15 by permeabilization 
of mammalian cells causes disruption of 
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the Golgi ribbon and dispersion of frag- 
mented Golgi membranes. 3 The develop- 
ment of gene silencing techniques based 
on RNA interference permitted more effi- 
cient depletion of endogenous pi 15 in live 
cells. 4,5 Morphological analyses of early 
secretory compartments in pll5-depleted 
cells show disruption of the Golgi ribbon 
and the appearance of Golgi fragments 
dispersed throughout the cell and con- 
centrated in the perinuclear region of the 
cell. This Golgi phenotype resembles that 
of nocodazole treated cells, in which the 
Golgi ribbon disappears and is replaced by 
Golgi mini-stacks that assemble adjacent 
to ERexit sites (ERES). 6 Such Golgi mini- 
stacks retain the polarized cis- to trans- 
organization of their cisternae. 7 That 
pi 15 is not required for the generation of 
polarized Golgi sub-compartments in vivo 
is supported by the finding that in pi 15- 
depleted cells ERGIC-53, a marker of the 
VTCs, is spatially segregated from the dis- 
rupted Golgi fragments. These morpho- 
logical findings in cells suggest that pi 15 
function is required after the formation of 
Golgi mini-stacks for the assembly of the 
intact ribbon. This interpretation contrasts 
with results of in vitro analyses showing 
that pi 15 is necessary for the homotypic 
fusion of ER derived COPII coated carri- 
ers that leads to the formation of vesicular 
tubular clusters (VTCs) that are essential 
for the formation of Golgi mini-stacks. 8 
The difference in defining the sites of pi 15 
action in vivo and in vitro may be due to 
incomplete depletion of pi 15 from cells or 
to differences in how limiting a role pi 15 
plays at different stages of traffic, particu- 
larly when employing very distinct experi- 
mental systems, i.e., Golgi architecture by 
immunofluorescence vs. VTC formation 
by fractionation and cargo recovery (see 
below) . 

Function of p115 in Cargo Traffic 

The function of pi 15 in secretion of cargo 
proteins exhibits a level of selectivity that 
appears to vary between different car- 
goes and perhaps different species.'"" As 
shown previously in experiments with 
the temperature sensitive mutant of the 
vesicular stomatitis virus glycoprotein 
(VSV-G), depletion of pi 15 significantly 
changes kinetics of ER exit of this model 



transmembrane cargo protein (Fig. 1). 
Our recent data support the requirement 
for pi 15 in trafficking of transmembrane 
proteins." In contrast, pi 15 doesn't seem 
to be essential for transport of soluble pro- 
teins since the trafficking of the soluble 
extracellular matrix protein, cochlin, was 
not significantly influenced by pi 15 deple- 
tion. Our interpretation of the differential 
effects of pi 15 on trafficking of trans- 
membrane and soluble proteins is strongly 
supported by our recent data in an intact 
animal. We have depleted the pi 15 homo- 
log, uso-1, in the intestine of the worm 
C. elegans. 11 This resulted in abnormal 
accumulation of the transmembrane 
receptor RME2-GFP in the ER and Golgi 
of the worm oocytes. However, secretion 
of the soluble ligand of the RME2, the 
170 kD yolk protein (YP170), appears 
unaffected by uso-1 depletion. 

These findings appear in conflict with 
findings by Sohda et al., who reported that 
the secretory form of dipeptidyl peptidase 
IV (sDPPIV) was slightly inhibited in traf- 
ficking in pll5-depleted cells. 7 However, 
a possible reason for the discrepancy may 
be that the wild type DPPIV is a type II 
transmembrane protein with a luminal 
portion containing an apical localization 
sequence. This feature suggests an inter- 
action of the DPPIV with cargo recep- 
tors during the process of cargo sorting. 12 
This may influence the trafficking of the 
secretory form of the DPPIV, even in the 
absence of a transmembrane domain and 
make the "soluble" DPPIV behave like the 
full-length transmembrane protein. Thus, 
monitoring the secretion of sDPPIV may 
not reflect the effect of pi 15 depletion on 
kinetics of trafficking of a truly soluble 
cargo like cochlin. We conclude that pi 15 
has a differential influence on cargo traffic 
with a strong inhibitory effect on the traf- 
ficking of transmembrane, but not soluble 
cargo. 

The delay in ER exit of transmembrane 
cargo in pll5-depleted cells implicates 
pi 15 involvement at a very early stage of 
traffic. The sorting of cargo proteins at 
the ER exit sites (ERES) appears to be 
very complex, and has been shown to be 
regulated by small GTPases of the Sari 
and Yptlp/Rabl families, isoforms of the 
COPII coat complex, interactions with a 
subset of SNAREs, cargo receptors (i.e., 



ERGIC-53), and oligomeric and coil- 
coiled tethers (COG and pi 15) (for review 
see refs. 13 and 14). In yeast, the pi 15 
homolog Usolp together with the Rab 
GTPase Yptlp were shown to regulate ER 
exit of GPI-linked proteins. 13,15 Also, yeast 
ER v-SNARE proteins play a crucial role 
in sorting of GPI-anchored cargo, 15 and 
pi 15 binds to a subset of ER and Golgi 
SNAREs. 16 It's tempting to speculate 
that depletion of pi 15 could perturb the 
availability of free SNAREs and/or other 
cargo receptors at the ER exit sites, which 
could lead to decreased efficiency of sort- 
ing and exit of select cargos. This concept 
could actually help simplify the myriad of 
activities attributed to pi 15 in trafficking, 
since a single biochemical activity (bind- 
ing of SNAREs) could be responsible 
for both its effects on sorting/export as 
well as its effects on vesicle tethering and 
fusion (see below). 

Multi-Domain Structure of p115 
Allows for Multiple Interactions 

Sequence analysis algorithms and nega- 
tive staining electron microscopy revealed 
that pi 15 is a parallel homo-dimer 
with 2 N-terminal globular heads and a 
C-terminal coiled-coil tail. 17 Within the 
globular heads reside two regions of high 
sequence homology (HI and H2) to the 
yeast Usolp, and a newly identified arma- 
dillo fold, while the C-terminal regions 
contains 4 CC domains followed by an 
acidic domain. 18,19 A number of interactors 
have been identified for pi 15 and some 
of the respective binding sites have been 
mapped. The HI domain interacts with 
the (3-COP component of the COP-I coat, 
the guanine-nucleotide exchange factor 
GBF1, and Rabl (but only when pi 15 is 
a dimer). 20-22 The H2 domain interacts 
with the COG2 subunit of the multimeric 
COG tethering complex. 7 The CC1 has 
been reported to interact with the acidic 
domain of pi 15 and Rabl (but only when 
it's not covered by the acidic domain). 20,22 
In addition, a CC1 peptide has been shown 
to bind a number of SNAREs operational 
at the ER-Golgi interface (described in 
more detail below). Similarly, a CC4 
peptide also interacts with SNAREs, but 
only a subset of those bound by the CC1 
peptide. 16 The C-terminal acidic domain 
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Figure 1. Functions of pi 15 and pi 1 5 mutants. A schematic representation of Golgi architecture and trafficking of VSV-G in cells containing endoge- 
nous pi 1 5, cells depleted of endogenous pi 1 5, or cells depleted of endogenous pi 15 and expressing various pi 1 5 mutants. Cells containing endog- 
enous pi 1 5 have compact peri-nuclear Golgi. Cells depleted of pi 1 5 by RNAi have fragmented Golgi scattered throughout the cell. Cells depleted of 
pi 1 5 and expressing full-length pi 15/1 -959 have normal Golgi, while p115-depleted cells expressing either p1 15/1 -766 or p115ACC4 have disrupted 
Golgi. Trafficking of tsVSV-G from the ER (after 12 h at 42°C) to the Golgi and cell surface (after shift to the permissive 32°C) was monitored at 2 h and 
12 h after shift. Cells containing endogenous pi 1 5 have VSV-G predominantly on cells surface at 2 h after the temperature shift, with low levels in the 
Golgi and almost complete clearance from the ER. Cells depleted of pi 1 5 have VSV-G within the ER after 2 h, but VSV-G can be detected within scat- 
tered Golgi elements and on cell surface after 12 h. Cells depleted of p1 15 and expressing full-length p1 15/1 -959 traffic VSV-G similar to control cells. 
p115-depleted cells expressing either pi 15/1 -766 or p115ACC4 clear the majority of VSV-G from the ER at 2 h and deliver it to scattered Golgi elements, 
followed by VSV-G transport to the cell surface after 12 h. Thus, p1 15/1 -766 and p115/ACC4 can support VSV-G exit from the ER as well as endogenous 
p1 1 5, but VSV-G transit to the cell surface is delayed in cells expressing these p1 1 5 mutants. 



has been shown to bind the tethering pro- 
teins Golgi matrix protein of 130 kDa 
(GM130) and giantin. 23 ' 24 

A New Mechanistic Model 
for p115: SNARE Flypaper? 

A model for pll5-mediated tethering has 
been proposed in which pi 15 binds other 
coiled-coil tethers (GM130 and giantin) 
present at surfaces of ER-Golgi compart- 
ments. In this model, pi 15 binds through 
its C-terminal acidic domain to GM130 
and giantin to facilitate SNARE dock- 
ing and subsequent fusion of the mem- 
branes. 25 ' 27 However, available evidence 



suggests that pi 15 interaction with 
GM130 and giantin may not be required 
for membrane tethering. Interestingly, a 
temperature-sensitive mutant of Chinese 
hamster ovary cells (ldlG), with no detect- 
able level of GM130 supports secretory 
traffic and normal ultrastructure of the 
Golgi when grown at permissive tempera- 
ture. 28 Similar results have been observed 
after depletion of the Drosophila homolog 
of GM130. 29 Moreover, mutants of pi 15 
lacking the C-terminal acidic domain 
(pi 15/1-934) are functional in cells 
depleted of endogenous pi 15, and sup- 
port both normal kinetics of the transport 
of VSV-G to the cell surface, and Golgi 



biogenesis. 10,30 Significantly, our previous 
data show that dynamics of membrane 
association/dissociation of pll5/l-934, 
measured by fluorescence recovery after 
photo-bleaching (FRAP) is virtually iden- 
tical to that of full-length pi 15, 8,31 and 
that pi 15 recruitment to membranes is 
independent of its interaction with other 
tethers, but rather is regulated by the 
availability of free SNAREs. 8 ' 31 

We propose new models of pll5-medi- 
ated tethering based on our recent find- 
ings including an essential role of CC4 
in pi 15 function. Previous functional 
assays in cells showed that CC1 is essen- 
tial for pi 15 function in Golgi ribbon 
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Model A: four-SNAREs bound per p115 dimer 

1. Tethering + * 2. Catalysis 3. Release and Recycling 

SNARE Capture 





Model B: two-SNAREs bound per p115 dimer 




2. Tethering 
[Catalysis?] 



3. Release and Recycling 




p115dimer v-SNARE t-SNAREs Rab 



Figure 2. Models of pi 1 5 function in membrane tethering. Model A: in (1) the coiled-coil CC1 and CC4 domains of each polypeptide of the p115 dimer 
bind specific v- and t-SNAREs to tether vesicular and target membranes prior to the assembly of the SNARE complex and membrane fusion. In (2) the 
pi 1 5 tail undergoes an accordion-like collapse to bring the CC1 and CC4 regions closer together to facilitate the interaction of the four SNAREs to form 
a fusion-competent 4-helix bundle. The fidelity of tethering is achieved through the simultaneous binding of 4 SNAREs to the CC1 and CC4 domains 
of the p1 15 dimer. In (3) trans-SNARE complex formation ensues and pi 15 is released and recycles. Model B: in (1) SNAREs are captured by binding to 
dimeric CC1 and CC4 domains. The two captured SNAREs may be either bound to the same (shown) or opposing (not shown) membranes. In (2) SNARE 
complex formation is promoted and initial membrane tethering achieved. The process may be indirectly promoted or actively catalyzed by the one 
or more of the following: capture of two SNAREs on opposing membranes (not shown), membrane targeting by an activated Rab (shown), and/or col- 
lapse of the p1 15 tail (shown). In (3) trans-SNARE complex formation ensues and p1 15 is released and recycles. 



formation and trafficking of biosynthetic 
cargo. 10 However, CC1 appears insuffi- 
cient to maintain pi 15 function because 
mutants of the yeast pi 15 homolog Usolp 
(usol-1 and usol-lT) that contain CC1 
but lack CC4 are compromised in traf- 
fic. 32,33 Thus, we assessed the role of CC3 
and CC4 in pi 15 function in mamma- 
lian cells. Using a "replacement" assay in 
which mutant pi 15 are expressed in cells 
depleted of endogenous pi 15, we uncov- 
ered that pi 15 lacking CC3-4 or CC4 
(pll5/l-766 and pll5ACC4 respectively) 
were unable to reconstitute normal Golgi 



ribbon, and displayed inhibited kinetics of 
VSV-G trafficking (Fig. I). 30 Thus, both 
CC1 and CC4 appear essential for pi 15 
function. 

Previous biochemical analysis revealed 
that CC1 and CC4 peptides bind to a 
subset of ER-Golgi SNARE proteins: 
CC1 binds syntaxin-5, GOS-28, mem- 
brin, Ykt6, Sec22, Betl, GS15, and seel/ 
muncl8 (SM) protein Slyl while CC4 
binds GOS-28, membrin, Ykt6, Betl 
and GS15. 16 These SNAREs interact in 
distinct combinations to generate the 
three different sets of SNARE complexes 



that have been proposed to regulate 
anterograde transport at the ER-Golgi 
interface; complex 1 composed of Sec22b- 
Bet-l-membrin- Syntaxin-5 ; complex 
2 composed of Ykt6-Bet-l-GOS28- 
Syntaxin-5, and complex 3 composed of 
Ykt6-GS15-GOS28-Syntaxin-5. 34 - 36 

Based on our new results and previous 
findings, we suggest that pll5-mediated 
tethering involves simultaneous interac- 
tion of the CC1 and CC4 domains of 
a pi 15 dimer with distinct subsets of 
SNARE proteins. The extended pi 15 con- 
formation with free CC1 and CC4 would 
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"capture" multiple SNAREs like flypaper, 
constricting their diffusion and concen- 
trating them at fusion sites signaled by 
Rabl. P115 may then perhaps actively cat- 
alyze trans-SNARE complex formation, 
if the pll5 tail is indeed flexible as sug- 
gested by the EM structure and primary 
sequence. 17 In one version of our model 
(Fig. 2, Model A), each pi 15 dimer with its 
4 SNARE-binding motifs (two CC1 and 
two CC4 domains) interacts with 4 dif- 
ferent SNAREs on opposing membranes 
to mediate initial membrane tethering and 
facilitate trans-SNARE bundle formation. 
The pi 15 dimer, initially bound to the 
v-SNARE via one of its two CC1 domains 
would mediate the recognition of the cor- 
rect three SNAREs at the target mem- 
brane through the remaining three coiled 
coils. The requirement for one pi 15 dimer 
to simultaneously engage four SNAREs 
could introduce a high level of selectiv- 
ity to the tethering (and the subsequent 
fusion) process. This model could provide 
the explanation of how pi 15/1 — 766 and 
pll5ACC4 mutants promote SNARE 
pairing and exit of the VSV-G from the 
ER but arrest its further progress through 
the secretory pathway. The presence of 
pi 15/1-766 or pll5ACC4 at the surface 
of COPII cargo vesicles could promote 
their homotypic fusion through the bind- 
ing with Sec22 (a v-SNARE of the early 
secretory compartment), and t-SNARE 
Syntaxin-5. However, the pi 15 mutants 
lacking CC4 or CC3-4 would promote 
formation of random SNARE-complexes 
with any target membranes that contain 
Syntaxin 5, which could impact sorting 
and progression of pi 15 dependent cargo 
at subsequent stages. 

In a second version of our model 
(Fig. 2, Model B), the pi 15 CC domains 
would function to mediate capture of 
two, rather than four, SNARE molecules 
per pi 15 dimer. Though only one pi 15 
dimer is shown, multiple pi 15 dimers 
could potentially contribute to the for- 
mation of a single four-SNARE bundle. 
The two SNAREs captured by a pll5 
dimer could be either on the same mem- 
brane (shown) or on opposing membranes 
(not shown). Trans-membrane tethering 
could be facilitated by either capture of 
SNAREs on opposing membranes, or by 



the interaction of pi 15 with an activated 
Rab molecule on the membrane opposing 
the bound SNAREs, a switch likely to also 
create kinks in the pi 15 tail and draw cap- 
tured SNAREs closer together (see hypo- 
thetical catalysis intermediate in Figure 2, 
Model B). 

Both versions of the model are sup- 
ported by our showing that real-time 
dynamics of pi 15 in vivo 31 as well as 
targeting to COPII vesicles in vitro 8 
depended upon the availability of free 
SNAREs, suggesting that pi 15 preferen- 
tially interacts with unoccupied SNAREs 
prior to complex formation and is released 
from membranes upon SNARE complex 
formation. In terms of spatial consid- 
erations, the pi 15 tail provides the per- 
fect assembly platform for facilitating 
SNARE-SNARE interactions. The pi 15 
tail has been proposed to be -5 nm in 
diameter and -45 nm in length when 
fully extended, 17 and this places the two 
CC1 and CC4 within 5 nm of each 
other, while the distance between the 
CC1 and the CC4 domains is within 40 
nm of each other. SNAREs are -12 nm 
and presumably can engage when within 
-20 nm of each other. In the 4 SNAREs- 
per-pll5 model version, it seems that the 
two SNAREs bound to the two CC1 or 
the two CC4 will be within 5 nm of each 
other and close enough to interact after 
binding to the pi 15 platform (Fig. 2, 
Model A). In both versions of the model, 
to bring the SNAREs bound to CC1 and 
CC4 into close proximity might require 
molecular rearrangements within the pi 15 
tail. Significantly, the pi 15 tail contains 3 
kinks that when collapsed accordion-style 
shorten the distance between CC1 and 
CC4 to less than 20 nm. 17 Such a collapse 
would bring the SNAREs close enough to 
allow the formation of a SNARE complex 
(Fig. 2). Our hypothetical model of pi 15 
action needs to be tested by experimen- 
tal research. However, the finding that 
pi 15 requires both the CC1 and the CC4 
SNARE-binding domains for its function 
provides novel insight into the possible 
mechanism of membrane tethering. 
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